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SUMMARY

A brief description is given of NASA's comprehensive program to
study the aircraft trailing vortex problem. Wind tunnel experiments
are used to develop the detailed processes of wing tip vortex forma
tion and explore different means to either prevent trailing vortices
from forming or induce early break-up.

Flight tests provide information on trailing vortex system behavior
behind large transport aircraft, both near the ground, as in the
vicinity of the airport, and at cruise/holding pattern altitudes.
Results from some flight tests are used to show how pilots might avoid
the dangerous areas when flying in the vicinity of large transport
aircraft. Other flight tests will be made to verify and evaluate
trailing vortex elimination schemes developed in the model tests.

Laser Doppler velocimeters being developed for use in the research
program and to locate and measure vortex winds in the airport area are
discussed. Field tests have shown that the laser Doppler velocimeter
measurements compare well with those from cup anemometers.

Our hope is to develop the basis for an acceptable method to
alleviate the vortex related problems of the general aviation pilots,
commercial carriers, passengers, and the air traffic system.

..~, . ,. ,.
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1. INTRODUCTION

Trailing'vortex systems of large transport type aircraft are known
to have winds of hazardous intensities-if encountered by other aircraft
in flight (1-10). Additional troublesome aspects of the problem are
that the vortices are generally difficult to detect behind the large
aircraft and persist for quite some time after generation.

~he seriousness of the vortex hazard has been brought into sharp
focus by the very large, heavy, transport aircraft being placed in
service, coupled with recent efforts to find ways to increase the
number of airfield operations. The large transport aircraft trail
behind proportionally more intense vortices than their lighter predeces
sors. These same vortices are also the basis for increased spacing
and time delays between departing aircraft, reSUlting in reduced air
field capacity. There is, then, a real urgency to explore the possible
ways to reduce the delays and spacing between aircraft and, in the case
of trailing vortices, if possible, eliminate the problem itself. There
is an intensified research effort in the NASA to achieve much more
enlightenment cnthe details of trailing vortex formation in 'the immediate
vicinity of the wing. The scientists are, in a manner of speaking,
searching for the Achilles heel of the persistent and hazardous trailing
vortex system. There is no slackening of the current efforts to' better
define the behavior of trailing vortices and find ways to monitor their
intensity and movement, especially~nthe airport area. It IlI8\Y well be
that the trailing vortex system will not succumb to the onslaught of
scientific intent. Recourse to system avoidance procedures and moni
toring action might still be necessary.

The major elements of the aircraft trailing vortex problem are
discussed along with brief descriptions of NASA programs and plans.
Our hope is to develop the basis for an adequate method to alleviate
the vortex related problems of the general aviation pilots, commercial
carriers, passengers, and the air traffic system. Interpretation of
some results from recent flight tests and analYtical studies are
outlined for operational use of pilots.

2. PROBLEM ELEMENTS

Elements of the aircraft trailing vortex problem are related to the
in-flight hazards associated with encounters, the economic penalties
(as reduced airport capacity and slowdown in traffic) arising from
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stretched spacing between departing aircraft, and the passenger discom
fort triggered by the unexpected bumpy ride and the often times steep
bank angles imposed.

The in-flight hazards encountered by aircraft are illustrated in
Figure 1. Induced roll and steep bank angles frequently result.
structural load factors are the concern during a traverse, along a line
through the vortex centers, perpendicular to the flight path of the
large aircraft. Changes in rate of climb and descent can be troublesome
when experienced shortly after take off or just before touchdown.
References 1-4 describe accidents related to the various in-flight
hazards illustrated.

The economic impact of the trailing vortex problem is now receiving
much more consideration than in the recent past. The hazard potential
of trailing vortices, and perhaps an inability to assess adequately
this potential, during airport operations has been. the cause of the
increase in time spacing between aircraft. Should the vortices con
tinue to warrant the increased spacing the economic penalties may be
severe. Many major airports are now ;;eterating at or near capacity.
Land for new airports is very difficult to locate and very expensive
to purchase. This lends emphasis to making a concerted effort to
eliminate the delays caused by trailing vortices. It II18¥ well be that
the only wa:y to do this is by eliminating the trailing vortices them
selves, a monumental achievement according to some aerodynamicists.

Heretofore, general aviation pilots, in relatively small aircraft,
have experienced virtually all of the accidents caused by vortex
encounters. There now are frequent reports from professional pilots
describing incidents that resulted from encounters with trailing vortices
of other large· aircraft. From a passenger comfort standpoint it seems
obvious that the byproducts of a vortex encounter are not welcome and
should be avoided if practical. This then is at111 .~~Qther reason to
pursue every logical avenue to bring about the elimination of the trail
ing vortex system as we now know it.

3. REEEARCH PROGRAm

The NASA. aircraft trailing vortex research, as illustrated in
Figure 2, is a comprehensive effort to learn about the intimate details
of vortex behavior,to determine the influence vortices can have on other aircraft,
and investigate means to attenuate the hazards. Flight tests and model
tests will be described. Measurement techniques, being developed to
provide an accurate means to evaluate vortex flow without disrupting
either the natural environment or the natural life cycle of the vortex
itself, will be discussed.
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The near term goal of. this research is to enable both the develop
ment of pilot avoidance procedures "and system avoidance procedures'
pa.rticular~ for use"in the airport e.rea~ The final goal of ~his

research is the elimination of the hazard potential, proba.b~ through
aerodynamic design. '

3.1 Flight Tests
, !.

Flight tests are carr1ed'ou~ to catalogue vortex characteristics,
at altitudes above 1,000 feet where ~roWld effect is not a factor, to
obtain data. applicable to the cruise/holding patterns, and,at altitUdes
from the ground up to approximate~ 1,000 feet,to represent operations
in the airport area (F,igure 3) ~ ,,." , ,

: '. _. . .'

, "Vortices have 8J'finherent chaXacteristic to move dOWnward when
formed 'as shown in Figure 4. Two principal ,factors are'readi~ apparent:
one, the vortices move dOWIiward in eqUal increments with time and
second, the vortex system drifts with the w"ind While at the' sa.me time
mainta.ining ,the tendency to move doWnward with time, as in the no-wind
case. The vortices form just inboard of the wing tips 'and rema1nso
spaced,iWlless disturbed b.Y turbulence or some othe~ factor •

. Some elements influencing vortex system intensity, mov:ement and
persistence are listed in Figure 5. Thermal and atmospheric wave ' .
action of sufficient magn:itude can lead to the ea.r~ 'disruption of the
vortices. On the other hand gentle, moving currents Without'marked
discontinuities are expected to cause little reduction in vortex per
sistence. ,Figure 6 illustrates the thermal effects, which can 'be'
present over chailging terrain, on the vertical position of the vortex
wake,.' . , ' ..

A typical vortex wake location measUred aft· of the C-5A' is s~
in Figure 7. The C-5A flew' a steady 'course at l2,500"feet altitude.
A"ptobe aircraft located'the wake, 'as shown previous~ in 'Figure 3~ and
radar information was uSed to esta.blish vertical and longitudinal
spacing. No positive exp1a.nation of the oscillation is available.
Oscillations of this sort might be initiated by the aircraft niotions
or atmospheric effects as noted before • The vortex wake lOcation'
extended aft and down with respect'to.the generating aircraft as expected.

_ • ..' 0'. • . '1

The averages of wake locations behind the C-5A for several test
rWlS are given' in Figure 8. It is noted that the wake does tend to
level off about 1,000 feet below the flight path of the C-5A' for the
partiCUlar atmospheric conditions existing during these limited tests.
The wake remained inta.ct for dista.nces exceeding 10 nautical miles
behind the C-5A. "

,//;
{ ~ /
. /
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The roll response of three aircraft (l:>q-9, Cessna 210, U3ar Jet)
on encountering the C-5A wake at various distances astern are shown
in Figure 9. The weight spread of these aircraft extended
from about 70,000 pounds -to about 3,000 pounds. The roll response was
achieved despite the efforts of the pilot to counter the imposed bank
angle. Obviously upsets of this type could be hazardous. A practical
limit of 300 bank angle was set (8) and noted on the Figure, a.ssuming
this bank angle would be about all a pilot would want to contend with,
especially in holding patterns, during approach to landing and shortly
after takeoff. ' .

Information from Figures 8 and 9 and reference 8 was used to derive
the envelopes of vortex vertical locations aft 'of a large transport
aircraft shown in Figure 10. Pilots could possibly encoWlter large
load factors, bank angles, and roll rates in the shaded area. TUrbulence
coUld shrink these areas, as could aircraft which generate vortices of
less intensity. As we saw in Figure 7 the vortex trail 1s often
distorted and its exact location unknown. More recent tests with the
C-5A revealed wake locations at still other' locations within the cross
hatched area, some nearly on the flight path, verifying the avoid area
noted on Figure 10. The lateral displacement envelope shown in the
Figure accounts for vortex drift Wlder various wind conditions, as
described in Fi~ure 4 and discussed in Reference 8. An airplane' enter
ing the shaded areas would not necessarily encounter" a vortex because of
their respective locations, but pilots should avoid the area to
the extent possible. '

Previous mention was made of the loads factors which an airplane
could experience when traversing the vortices along a line through
the vortex cen.ters. An illustration of this flight path and typical
load factors is given in Figure 11. It is to be noted that there is
a marked reduction in imposed load factor when the aircraft is but a
short rti sta.'lce (-25 feet) a.bove or- below the line through the vorteX
centers. In other words, to experience high load factors it is necessary
to pass close to at least one of the vortex co:res" '

Calculated vertical load factors' (5) imposed on a light aircraft 
crossing the wake of a heavy transport aircraft (180,000 pounds),
perpendiCUlar to the flight path and along a line through the vortex
centers are shown in Figure 12. Two important facts should be pointed
out, the first is that relatively high load factors can be reached and
the second is that elevator motion, initiated by the pilot to counter "
initial upwash of the vortex, compounded the hazard. Ultimate load
factors were reached with e levator motion. ' l

Load factors measured during flight tests are shown by the cross
hatched areas in Figure 12. The load factors measured on a T-33 air
craft and a U-3A (Cessna 310) aircraft during penetration of wakes from

Ii



-5-

large aircraft, are of a preliminary nature. The large aircraft were
not at maximum weights and the exact location of the penetrating air
craft relative to the center of the wake is not known. The point is
that measured load factors are about what was expected.' It appears
probable that even higher load fac~ors couldqe experienced when light
aircraft encounter the wake of heavier laden large transport aircraft
under more adverse conditions. .The penetrating aircraft in each of
these incidents· was relative~ close behind the heavier aircraft
generating the wake--about, 1.5 miles or about 30 seconds, after passage.

The expected movement and persistence of vortices shed b,y large
aircraft at altitudes above 1,000 fee~ were shown in Figure 10 to
occupy parts of a certain volume of air aft and below the flight path,
dependent upon the directions of the crosswind. This is important
info~tion for following-aircraft pilots to keep in mind. Yet it is
still another matter to make use of the information in practical situa
tions., vortex trails as might be seen b,y the pilot of· a light airplane
is shown in the· sketch· of Figure 13. The,. large transport aircraft
shown through the windshield are approxirnate~ 2 miles in the distance.

,
Theoqe. aircraft shown Climbing up and away has left ,a vortex trail

outlined b,y engine exhaust smoke. Since the vortex at this point of
encounter is on~ about 30 seconds old, it would be wise to stay clear,
preferab~ up wind, above orwell below the smoke trail. Avoidance
JDaY. be still more difficult in. the future as engine smoke emission is
eli'minated. . . ..

The other vort;ex trail situation ill:ustrated in Figui-e 13 is of a
large transport ~ircraft crossing ~om right to left at about two miles
di~tan1;. In this case, the vortex trail is not usual~ made visible

., by ,engine smoke, altho~ condensation trails, at times, mark the
vortices •. , The 1,000 ft. increment below the crossing point is shown.
Aircraft in this situation should c~oss.l,OOO feet or more below or
above the flight path of the large aircraft • The im:portance of the
light plane pilot "to read" the flight path of the' heavier aircraft
is apparent.

Some pilots have noticed an apparent rooster tail of exhaust smoke
behind. aircraft on the approach path. A question arose as to whether
or not this indicated an initial upward movement of the trailing vortex
system, quite the opposite to the initial downward. movement shown in
the sketch of Figure 4. Based on my observations the situation can be
described as shown in Figure 14. The high speed exhaust plume initial~

trails aft, expanding somewhat, along the approach path. The high
speed exhaust slows down rapid~ and then comes under noticeable influence
of the downwash field behind the aircraft, eventual~ becoming wrapped
up in the trailing vortex system.

i ;'
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Vortex system movement near the ground is illustrated in Figure 15.
In the sketch on the left a vortex system is shown to move downward
and drift with the wind as discussed before. Obviously if the aircraft·
is closer than 1,000 feet above groWldlevel, as shown in the sketch.
on the right, the vortex system comes in close proximity to the ground
and is markedly influenced by this additional factor. In the sketch
at the right, vortex movement is shown for the no wind case (solid
lines) • Here the vortices move downward until about a wing span distance
from the groWld, at which time they respond to the influence of the
ground-plane and start to move outward, at a height of about a wing
semispan above the ground.

In the wind case (dashed lines) the vortices are influenced by tbe
ground plane as mentioned before and also move with the added velocity.
vector of the wind. Vortices in the vicinity of the ground are known
to exist for periods of 2 or more minutes, under some situations, and
become a source of concern to following aircraft and aircraft using other
intersecting and parallel runways. The real hazards related to this
condition are under investigation, making use of aircraft flyby's and
instrumented towers. It is exPected that information obtained by the
Federal Aviation Administration and the NASA will soon permit an analysis
to be made of the factors contributing to the maximum movement and
persistence of vortices in the runway area.

Despite the lack of knowledge of some details on vortex influence
near the ground we do know enough to suggest· a technique to avoid vortex
encounters along the approach path. Light aircraft, using the instru
ment landing system (lIB) and visual approach slope indicator (VASI)
(at airfields used by large heavy aircraft), should stay on the high
side of the glide slope and to the up wind side as shown at thebottC?m
of Figure 16•. Smaller, slower aircraft are sometimes routed in airport'
traffic at a lower altitude and in tighter patterns ·than the larger faster
aircraft (top of Figure 16) .If the light plane pilot is faced with
this situation while turning from the dowmrl-nd lee to the base leg it
is essential that he remain above the flight path of the larger aircraft
if at all possible. ~ of the vortex accidents seem to be caused when
the light aircraft approaches the airport on final leg at a lower alti
tude that the preceding aircraft(2). In addition, should the large
aircraft execute a missed approach, special precautions should be
exercised by the following aircraft as can be surmised from previous
discussions.

It was noted earlier (Figure 10) that vortices should be avoided
in air space up to 10 nautical miles behind very large aircraft. Hence
at least from the outer marker to the airport; as shown in Figure 16,
the pilot should be particularly conscious of the vortex hazard--where
altitude decreases from approximately 1500 feet to touch down and an
upset would be unnerving to say the least. For similar reasons following
aircraft should remain above the takeoff flight path and!or to the wind
ward of large aircraft (8) to avoid vortex encounters.
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The data gathered from vortex measurement programs underway are
expected-to be instrumental :1,n the establishment of the probabilities
of vortex travel and persistence under the varied conditions which
might actual~exist. To assist in this evaluation of the potential
hazards it seems that a good'bit of additional pertinent data could
be provided by pilots of aircraft experiencing a vort~x-caused incident.
It is suggested that consideration be given to soliciting help from
pilot~, in a manner similar, to the reporting procedure now used for
near midair collisions, as illustrated in Figure 17. These data would
represent actual situations and analysis might highlight the principal
factors ~hich contribute to known hazardous conditions.

3.2 Vorte~ Attenuation/Elimination

An exciting,phase of the trailing vortex research was born when it
became -apparen'j; that the vortex system of large transport aircraft
could well have significant bearing on the design and optimum use of
airfields. This placed a demand on the researchers to probe the very
spawning ground of early vortex ,flow in the periptery in a manner not
before :accomplished, with the aim of possibly uncovering a triggering
mechanism tnat could be exploited in the development of a practical
~y to eliminate the vortical flow at the wing and, even more important,
far down stream. This detailed research is also-expected to uncover
candidate schemes to p~omote either early break up of the vortex
system-or alternation of·the.flow ,to eliminate unfavorable character
i~tics of ~oncern to:following aircraft. Either of these solutions
wou+d,be,an~cc~ptablemeans to remove all of,the elements of the
tra~llng vortex problem; the hazards, the economic penalties, and the
passenger discomfort.

Those concerned with the research have considered several different
basic ideas :th~t -:Ill,ight -,warrant f).lrther. study,. Figure 18 lists these
ideas. Closely related to any successes in the wind tunnel or water
channel will be the flight test phase both to verifY the model tests
and evaluate the scheme as a practical way to solve the problem.

- Some work has been done on'the effect of- an engine located at the
wing tip (l3) and further tunne1 work' is planned to investigate the
use of an engine with'-rotational jet exhaust flow counter to the normal
vortex flow expected at the wing tip. The effect of a hot jet flow on
vortex intensity'andpersistence may also be documented.

Different wing tip shapes to alter the vortex flow have already been
looked at especially as they -'relate to the helicopter blade tip vortex
as a noise source, but new tip alterations still appear attractive and
will be test'ed in the wind tunnel. Tip modification, if successful, would
suggest the possibility of an economic retrofit for the current fleet
of large aircraft.
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Detailed measurements of velocity dist'ributions are being made of
the vortical flaw generated at the tip of a rectangular wing (14).
Future ana4'sis and understanding of the vortex flaw and structure are
expected to provide baseline information from which we can 'extract
ideas to stimulate possible attenuation/elimination experiments.

other wind tunnel developmental work (15) showed that a small
vertical Panel (see Figure 19) mounted on the wing upper surface near
the tip significant4' reduced the vortex tangential velocities. Sub
sequent flight tests with the panel mounted on one wing of the NASA
CV-990 indicated that less dramatic changes were made in the vortex
system 1.5 to 5.0 miles down stream. It is difficult to determine the
true merits of the panel at this time although some benefits were,
realized by the penetrating aircraft (~ Jet) in the form of less
roll acceleration and less roll control needed to counter the
vortex induced roll. Some 11ft and drag penalties were also apparent
from the model studies.

One question is orten raised in regard to the vortex problem with"
respect to new type aircraft being considered for future use as the STOL
vehicles and the supersonic transports. NASA scientists working in the
areas of new experimental aircraft deve lopment are aware of the trailing
vortex problem and hopeful4' will consider this aspect to the extent
possible in the development of the vehicle and in plans for its opera
tion in the air traffic system. EXamples Of new aircraft types are
shown in Figures 20, 21 and 22. The very fact that these aircraft have
unusual features, compared to aircraft in current use, raise questions
concerning the possible unusual aspects that might shaw up in vortex'
intensity and persistence.

Results from this program are eager4' awaited. Benefits might also
be realized in more efficient wing and helicopter blade design by
improving flow in the tip region.

3.3 Measurement Techniques

Various'trailing vortex measurement techniques for use in the wind
tunnel, during flight test at high altitudes and near the ground, and
to monitor the airport vicinity are listed in Figure 23. .

There will be no attempt to describe in detail most of the tech...
niques listed because their physical principles involved are well known.
Some information on use of the hot wire anemometer is given in ref (14).
Development of the laser Doppler velocimeter for use in the wind tunnel
is described in ref (16, 17 & 18). Flow visualization techniques in
the wind tunnel include use oftuf't grids (15) and smoke (19).
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In flieht tests far from the ground several aircraft are used,
depending upon the type measurements made. In the tests carried out
by the Flight Research Center (11,- 12) the probe aircraft generally
carried instruments to record airspeed, altitude, normal acceleration,
longitudinal acceleration, transverse acceleration, pitch velocity,
roll velocity, yaw velocity, bank angle, angle of attack, angle of
sideslip, lateral-control wheel positions, and aileron positions. A
Langley Research Center probe aircraft carries instruments that record
data which permits computation of the three velocity components. This
information is very useful and gives a precise picture of vortex char
acteristics and enables a determination to be made of the possible
effects of the vortical winds on other probe aircraft.

Flight tests near the ground make use of instrumented towers with
bi-vane anemometers, and smOke visualization with photographic coverage.
This is an acceptable Way to study many of the vortex system character
istics near the- ground. One drawback of the 'instrumented tower is the
eff~ct it has both on the atmospheric flow field and, often times,
the dramatic reaction of the vortex trails when passing the tower.
Then too, the stationary nature of the tower, and often its height
limitation and spacing of sensors ,encourages efforts to develop and
improve the- system'. If data are needed on vortex life, the array of
towers down wind of the tower nearest the airplane raises serious
questions as to the validity of the data.

These factors ,that limit, somewhat, the use of the tower as an
instrument platform 'prompted' us to explore and develop means to remotely
sense the vortex' winds ,without· h8.ving the sensor and instrument tower
disturb the flow. The feasibility of using a. laser Doppler veloc1meter
to perform these measurements has been demonstrated (20) with a one
dimensional uriit, supported by other efforts reported in references
21-26. ' ' "

A test facility, subsequently used to assess the characteristics
of the laser system, is shown in Figure 24 and a comparison, of wind
measurements using a cup anemometer and a laser Doppler veloc1meter
is shown in Figure 25. The instrument makes use of a 20 watt carbon
dioxide laser to send a focused beam to a selected point in the atmos
phere. The particulate matter in the sensitive voiume back scatters
some of the laser light. A frequency analyzer determines 'the Doppler
shift in light frequency caused by the velocity of the Particulate
matter, which is a measure of the wind velocity component along the
laser beam within the sensitive volume. '

.< A conceptual design study is unde~ to' consider applications of
the laser Doppler veloc1meter to' low altitude vortex research as illus
trated in Figure 26. The instrument would have the ability to search
a known plane, which the test aircraft would have penetrated, and
measure the th!-ee com;ponents of wind ve locity from. the Doppler shift
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recorded in each of the three field units. For more refined and
detailed measurements, the measurement grid could be reduced and allowed
to follow the vortex drift. Breadboard instruments will be used within
the next few months to develop techniques useful for the low-altitude
vortex research measurement system. This system is expected to have
possible applications as an airport trailing vortex warning system as
depicted in Figure 27. A design study is underway to define the system
specifications to meet the airport applications. Should this system
concept be used at airports, the measured vortex data intensity and
location would appear to be readily adaptable for the development of .
airport system avoidance procedures. This system might be particularly
useful if elimination of the trailing vortices is not achieved by
practical means.

A parallel effort is being made using an argon laser of from 5 ,to
100 watts. This instrument is planned for use 9nly as a diagnostic
tool for research work. An argon laser is hazardous and its use will
be carefully controlled. Argon has a wave length· of ! micron (versus
10.6 microns for carbon dioxide) and very fine scale measurements 9f
vortex velocity fields· will be made. An ability to remotely measure
atmospheric winds will have other a.pplications, as measuring vertical
wind profiles and low level wind shears, and justifies a strong
developmental effort. .

4. CONCLUSIONS

NASA has a comprehensive effort underway including flight tests,
wind tunnel tests, and instrument development -~o achieve a better
understanding of aircraft trailing vortex· formation and persistence ,
behind large transport aircraft and concurrently, other studies will
evaluate several different concepts on ways to either prevent the
trailing vortices from forming or induce early dissipation of dangerous
velocities.

Recent flight tests have provided valuable information needed to
establish adequate spacing behind large aircraft to prevent hazardous
situations from occurring. Additions.;L tests are scheduled to measure
the velocity distril)Utions in 'Wakes at various distances down stream
of large aircraft, both near the ground and at the cruise/holding ..'.
pattern altitudes. .

Recent research results give hope that the operational hazards and
economic penalties related to trailing vortices might be reduced or
eliminated in the future by aerodynamic design. In addition, techniques
to locate and measure the trailing vortex velocities for.use in research
programs and for use as an airport monitor are under developme~t.



-11-

) • REFERENCES

L Anon.:' Aircraft Accident Report - Piper Model PA-22, N2945P,
,Hear Dover, Delaware, Sept. 23, 1958. File No. 2-0124, CAB,
Oct. 10, 1959.

2~ Anon.: Safety Information release. (Navion-A accident) SB68-23
NTSB, Mar. 21, 1968.

3. Anon.: Safety Information release. (Twin Otter DHC-6 accident)
SB69-55 NTSB, Jul. 28, i969.

4. Anon.: Safety Information release. (Cessna 3l0H accident)
SB70-60 NTSB, Aug. 11,1970.

5. ' McGowan, William A.:, Calculated Normal Load Factors on Light
'Airplanes Traversing the Trailing Vortices of Heavy Transport
Airplanes. NASA TN D-829, 1961.

6. Wetmore; Joseph W. and Reeder, John P.: Aircraft Vortex Wakes in
Relation to Terminal Operations. NASA TN D-lm, 1963.

7. McGowan, William A. : Avoidance of Aircraft Trailing Vortex Hazards.
AGARD:Conference Proceedings No. 76, Baden-Baden, Germany, Oct.
20-23, 1970.

8. McGoWan, William A.: Trailing Vortex Hazard. Society of Automotive
Engineers. Business Aircraft Meeting, Wichita, Kansas, Apr. 3-5,
1968. SAE Paper No. ffio220, 1968.

9. Kra:rt, Christopher C.: Flight Measurements of the Velocity
Distribution and Persistence' of the Trailing Vortices of an
Airplane. NACA TN 3377, 1955.

10. Connor, Andrew B. and 0 'Bryan, Thomas C.:' A Brief Evaluation of
Helicopter'Wake as a Potential Operational Hazard to Aircraft.
NASA TN D-1227, 1962.

11. Andrews, William H., Robinson, Glenn H., and Krier, Gary E.,
Flight Research Center, and Drinkwater III, Fred J., Ames Research
Center. Flight-Test Evaluation of the Wing Vortex Wake' Generated
by Large, Jet-Transport Aircraft. NASA FWP-18 April 1970.

12. Andrews, Williain H.: Flight Test Evaluation of the Wing Vortex
Wake Generated by Large Transport Aircraft. NASA Flight
Research Center. Proceedings of Aircraft Wake Turbulence
Sympos1~, Seattle, Washington, Sept. 1-3, 1970. (To be released)



-12-

13. Patterson, James C., Jr. and Flechner, Stuart G.: An Exploratory
Wind-Tunnel Investigation of the Wake Effect of a Panel Tip- 
MOWlted Fan-Jet Engine on the Lift-Induced Vortex. NASA TN D~5729,

1970.

14. Chigier, N. A. and Corsiglia, V. R.: Tip Vortices - Velocity Distri
butions. To be presented at the 27th Annual National Forum of
the American Helicopter Society, May 1971.

15. Jacobsen, R. A.; Corsiglia, V. R.; and Chigier, N. A.: Wind
Tunnel Studies of Trailing Vortices with Dissipation. NASA Ames
Research Center. Proceedings of Aircraft Wake Turbulence
Symposium., Seattle, Washington, Sept. 1-3, 1970. (To be released)

16. Huffaker, Robert M.; FUller, Charles E.; Iawrence, T. R.: Application
of Iaser Doppler Velocity Instrumentation to the Measurement
of Jet TurbUlence, 1969 Proceedings of the SAE.

17. I£nnert, A. E., B~on, D. B., and Crosswy, F. L.: Swmnary
Report of the Development of a Ie.ser Velocimeter to be Uued in
AEDC Wind Tunnels. AEDC-TR-70-101, 1970.

18. Huffaker, R. M.: Iaser Doppler Detection Systems for Gas Velocity
Measurement Applied Optics, 9( 5) :1026, May 1970.

19. Brown, F. N. M.: see the Wind Blow. University of Notre I8me,
1971.

20. Huffaker, R. M., et al: Application of Iaser Doppler Systems to
Vortex Measurement and Detection. NASA Marshall Space Flight
Center. Proceedings of Aircraft Wake Turbulence Symposium,
Seattle, Washington, Sept. 1-3, 1970. (To be released)

21. Thomson, J. A. L.: Study of Conceptual and Operational Feasibility
of IAser Doppler Detection Systems. Interim· Progress Report,
Nov. 30, 1970. Contract No. NAS8-24810, Report Ries70-1.

22. Development of C02 Iaser Doppler Instrumentation for the Detection
of Clear Air Turbulence. Final Report NASB-24742, ~heon
Company Report ER 70-4203, June 5, 1970.

23. Development of a l-Dimensional Ie.ser Doppler Ground Wind Measure
ment System - Raytheon Report R69-4253, August 1, 1969. Final
Report on Contract NAS8-21293.

24. Iawrence, T. R.: Feasibili:t;y study of Iaser Doppler Measurements
of Wind Velocities. I.MSC/~ A784081, Lockheed Missiles & Space
Company, Huntsville, Ala., June 1967.



-13-

25. Iawrence, T. R.: Computation of Mie Scattering Coefficients of
.. ~bsorbing Sphe:rical Particles':' i~ k General Computer Program,

LMSC!HR~"A7845l3',I.OckheedMiss'i1.e's'& Space Company,
Huntsville, Ala., September 1967•

. ' .. "'J,)~"-: ~ !r':"1 '>r: ~ ~." ~. f'~ ~ "':t

26. IawrEmce, T.' R.: ':Measurement ,of',Atmospheric~W:f:ndVelocity Fields
With a Pulsed Iaser Doppler SySit'elli:"-An Aila~tical study..
LMSC!HR:ro A7845l3, Lockheed Missiles & Space Company, Huntsville,
Ala., Janus,ry 1969. 1 : - .

"

.: ,
, ,

",- ..



6• ACKNOWLEDGMENT

NASA personnel at sev~~l centers are· partici~t1ng in tpe aircraft
trailing vortex research brief~, del3cribed in tpis paper.

Principal investigators at the various 'NASA centers are listed,
to acknowledge both thei..· research efforts and/or aB!3istance in~·-p~
viding information for .this paper •

.1- .

Ames Research Center

V. R. Corsiglia
R. A. Jacobsen.
M. A. White
N. A. Chigier, on leave of absence from University

of Sheffield, England

Flight Research Center

W. H. Andrews
G. E. Krier
G. H. Robinson

Langley Research center

R. P. Bielat
J. P. Campbell
D. R. Croom
R. E. Dunham, Jr.
R. E. Kuhn
L. E. Mauldin, III
W. C. Sleeman, Jr.
R. T. Whitcomb
J. A. Z&lovcik

Marshall Space Flight Center

W. K. Dahm
R. M. Huffaker
Ie P. Jones
E. A. Weaver

NASA Headquarters

M. T. Charak
R. J. Wasicko

....:



IN
-F

LI
G

H
T

HA
ZA

RD
S

OF
TR

A
IL

IN
G

VO
RT

IC
ES

,
..

TO
EN

CO
UN

TE
RI

NG
AI

RC
RA

FT

"
'..

..
.
~
;

~
<\

•

,
,

.
'>

i'

.'

IN
D

U
C

E
D

R
O

LL
S

TR
U

C
TU

R
A

L
LO

A
D

S

N
A

S
A

H
Q

R
0

7
1

-1
5

8
7

4
3

-1
5

-7
1

F
ig

u
re

1

C
H

A
N

G
E

S
IN

R
AT

E
O

F
'C

Ll
M

B
/D

E
S

C
E

N
T



NA
SA

A
IR

CR
AF

T
TR

A
II

IN
G

VO
RT

EX
RE

SE
AR

CH

M
E

A
S

U
R

E
M

E
N

T
TE

C
H

N
IQ

U
E

S
(R

em
ot

e
S

en
si

ng
)

M
O

D
E

L
ST

U
D

IE
S

(V
or

te
x

F
or

m
at

io
n)

:::::
:=:

=
:a

;:
c
>

>
=

_
..

FL
IG

H
T

TE
ST

S
(V

or
te

x
B

eh
av

io
r)

~
_

=s
---

:-;
::

...

N
E

A
R

TE
RM

SY
ST

EM
A

V
O

ID
A

N
C

E
PR

O
C

ED
U

R
ES

F
IN

A
L

E
LI

M
IN

A
T

IO
N

O
F

H
A

ZA
R

D
P

O
TE

N
TI

A
L

F
ig

u
re

2

N
A

S
A

H
Q

R
07

1-
15

87
1

3-
15

-7
1



.'
!

,

i
Y
~
>

AI
RC

RA
FT

TR
AI

LI
NG

VO
RT

EX
RE

SE
AR

CH

., i
C

R
U

IS
E/

H
O

LD
IN

G
PA

IT
ER

N
,i

•(
\

~
.,

.,
'.

.

.
, ..(

,
....

A
IR

PO
RT

AR
EA

F
ig

u
re

3

N
A

SA
R

07
1-

35
15

2-
22

-7
1



-3
-

-4
-

-1
-

-2
-

VO
RT

EX
AG

E,
M

IN
.

o

V
O

R
1

-E
X

-S
Y

S
T

E
M

M
O

V
E

M
E

N
T

(N
O

GR
OU

ND
EF

FE
CT

)
(b

)
C

R
O

S
S

W
IN

D

~
a
:
:
:
:
:
f
t
~

...
_

DO
W

N

UN
HE

RE
NT

)

(a
)

N
O

W
IN

D

F
ig

u
re

4
N

A
S

A
H

Q
R

A
68

-1
58

57

R
ev

.
9-

22
-7

0



.
,

l
~

EL
EM

EN
TS

IN
FL

UE
NC

IN
G

VO
RT

EX
SY

ST
EM

I'N
TE

NS
ITY

,
M,

OV
EM

EN
T

AN
D

.PE
RS

IST
EN

CE

.
.

•
AI

RC
RA

FT
TY

PE
,

W~
I.
~H
TJ

C
O
N
F
I
G
U
R
A
~
I
O
N
~

SP
EE

D

•.
CH

AN
GE

OF
FL

IG
HT

PA
TH

,
M

AN
EU

VE
RS

,

•
A

IR
D

EN
SI

TY
'

.
.

,.,.
...

',
.

W
IN

D
fN
iE
NS
lt
Y~

'fl
O

W
DI

RE
CT

rO
N

'.
.

~
•

~
.

•
r

_
.
~

..
.
-
:

:

.
~

..
,.
.
.

~.
.
.

-'
..

-'

~
"

•
TU

RB
UL

EN
CE

.
•

·P
RE

CI
PI

TA
TI

ON
"

'.'
-.
•

GR
OU

ND
'P

R
O
X
I
M
l
l
Y
-
~

.~
-

~"
'1

,"
'•

•

.'
,'

..
"

~
,

.
~
.

~
.

'.
.' .
.
.
.
.
'

~
~
r

.
"

F
ig

u
re

5
N

A
S

A
H

Q
R

A
71

-1
52

01
9

-2
2

-7
0



TH
ER

MA
L

EF
FE

CT
S

ON
VE

RT
IC

AL
PO

SIT
IO

N
OF

VO
RT

EX
WA

KE

--
-

----
----

-.
_.

)

~
.

~
.....

.'

\

e
-

--
--

-
'
~
-
-
:
-
-
-
e
-
:
r
-
:
-
<
:
,

.'
-

-
-

-
-

-
l.

-
.

-
.
"

"
-'
t.
-~

.,;
~
.
"
.

F
ig

u
re

6
N

A
S

A
H

Q
R

A
71

-1
52

11
9-

22
-7

0



TY
PIC

AL
VO

RT
EX

W
AK

E
LO

CA
TIO

N
..
:
.
,

.

AF
T

OF
TH

E
C-

5A

/
/

/

N
A

S
A

H
Q

R
A

71
-1

52
06

9
-2

2
-7

0

:"
."

.

R
ef

er
en

ce
11

F
ig

u
re

7

C
-5

A
A

T
12

,5
00

F
t.

• t:
;'

~
40

0
z w ~ w u :3 C

L ~
80

0
o -
' -« u

-
- .... 0:

::
W

~
>

12
00

~

D
IS

T
A

N
C

E
,

N
A

U
T

.
M

il
E

S
~
-

n
o

.
.

..
2

4
6

8
10

;
12

~'
-'
.~
i2
~;
;:
>

~
_
-
'

-.,
-
-
-
-
r
-
-
-
~
-
-
-
-
-
:
-
-
.
.
.
.
.
.
_
-
_
_
_
+
_

r
_

_
_

-
-
_

_
_

_
r
-
-
_

_
_

:
_

..
..

..
t.

d
.

...

--
.....

..
:-1

:;
....

..
_

t
!,



VE
RT

IC
AL

LO
CA

TIO
N

OF
VO

RT
EX

WA
KE

AF
T

OF
TH

E
C-

5A

RE
F

8

o
R

e
fe

re
n

C
I:

!
1

1

•
t


L
L

t-
-- Z w ~ j

10
00

Q
.

V
') - o ...
J

.
~ U - t- ~ ~

20
00
'
-
-
-
-
~

--
--

:.
.
_

_
a

.
_
_

_
_

_
_

A

~
D

IS
T

A
N

C
E

,
N

A
U

T
.

M
IL

ES

.
~
i
~
g
o

N
::

""
:,.

..,
.."

.~.
.,.

...
...

2.~
~

4~
-,

-.
--

..
..

,.
..

..
".

.6
~~

~8
-"

'-
"'

~"
""

"P
"'

lJ
O

...~.
(

F
ig

u
re

8
N

A
SA

·
H

Q
R

A
71

-1
52

05
9

-2
2

-7
0



MA
XI

MU
M

RO
LL

RE
SP

ON
SE

OF
TE

ST
AI

RC
RA

FT
IN

TH
E

C-
5A

.W
AK

E
_

•
f;-

.
I
~
.
r
.

(

.
'l.

.
c.

::
.
"
"
.
,

-
-
-

D
C

-9

-
-

-
-
-

CE
SS

NA
21

0

"

12
8

-
,

-.
:-

-
LE

AR
JE

T
.

\
'.

,
"

-
,

'
;'

"

\
\
~

.•
•.

'-;
<

'
Re

fe
re

~c
e'

12
{

",

.
\

'
,
'

~\
\

'

"
~

."
';

:.
,

'\
.

.\
.

"\
.
.
.

.
~.
,

.

'-:"
"

-
.--

\\
:
r
."

~
~

~
.';

;n
.

"
,;

i
,
.
\
:
',

:
.
p

12
0,

;
...

...
...

.
,

n
~

'I
,t

j
.
.
.
.
.
~
"
"

•
•

..
..

..
.

'
.

"l

\
~

.

-,
~
.

,
u

\
\

'
~

\
\

(3
80

\
\

~

\
\

L
U

·

\\
~

.'
,

~
-
~

.
-'

,40
-
'

~

0
,

0:
:::

..

'.
O
'
~
-
_
L
-
-
-
_

_
.
L
.
.
-
-
_
~

0
I

,',
0

4
'

8
,1

;;
.
12

,
,
0

4
•

•
.
•
'
.
.
.
.

.
'

"
'
,
'

.
'

•
:
:
.
.
.
.
.

"
.

~
.
.

h
'

"

SE
PA

RA
TI

O
N

DI
ST

AN
CE

,
NA

UT
IC

AL
M

IL
ES

12
0

I o
I

I
d

"
,-

'''
,

r.
I

'
I

2
4

"0
'

2
TI

M
E

AF
TE

R
C-

5A
pA

SS
AG

E,
M

IN
.

F
ig

u
re

9

I 4

N
A

S
A

H
Q

R
A

71
-1

52
03

9
-2

2
-7

0



SU
GG

ES
TE

D
EN

VE
LO

PE
OF

VO
RT

EX
VE

RT
IC

AL
LO

CA
TIO

N
FO

R
OP

ER
AT

IO
NA

L
US

E
.(

No
Gr

ou
nd

Ef
fe

ct
)

C
:-

r
-5

~~.
...

..,
..-

...
.,.

..-
.,.

...
.-.

,-.
,..

.--
,--

,..
...

.,.
...

..,
...

...
,..

...
...

,..
...

...
,..

...
...

,,-
-,-

:..
...

---
-,

ti: t-.
:'

z Lo
U :E Lo
U

~
l
O
O
O
t
-
-
-
-
-
-
-
-
-
-
-
-
-
-
=
~
~
=
F
-
-
~

-
'

Q
..

en - c -
' « ~

20
00

,,-
-'

~
.
.
_

.
L

_
~

~
0

,1
2

3
Lo

U
.

>
TI

M
E

AF
TE

R
AI

R
C

R
AF

T
PA

SS
ES

M
IN

.

I......
-.

.,
.-

UP
TO

10
N

AU
TI

C
AL

M
IL

ES
1

..
..a

u
P

,

..
.

CR
O

SS
W

IN
D

20
00

.
0

20
00

LA
TE

RA
L

DI
SP

LA
CE

M
EN

T,
FT

.

1
,

N
A

S
A

H
Q

R
A

71
-1

52
13

"
9

-2
2

-7
0



lO
AD

FA
CT

OR
S

ON
AJ
RP
LA
N~
'
fR
A'
l~
SJ
Nq
.

,,~
.$

'
.t

'W
-f.

'
j..

I
~

\
..

..
\
~
,

d
t)

4
.,..

.
~

"".

TR
AI

LI
NG

VO
RT

IC
ES

3

.
~
,
~
~

..
.!

(
~
l
.
.
l
·
•.

•
\
·
'
:
~

N
:.

'-

I

2

-
-
-

,
,

.
':

,

,:
",

.d
'-

.W
1
-
-
-

:,.1
""

,'

TI
M

E,
'S

E
C

.

1:(3
";.

'to
';:

t\
./

Q
.
~

~4
~

'\
.

"~
'<.

.:,.
•

'.

,1

i,
j

~
. .~~ , ij

",,
>
i •

r'
~ -

"

,
~

:
-

Jj
. -,.

24

LO
A

D
FA

C
TO

R

-2

~ "

'
~

-4

lr
~

0

F
ig

u
re

11
N

A
S

A
H

Q
R

07
1-

15
87

6
3-

15
-7

1



VE
RT

IC
AL

LO
AD

S
IM

PO
SE

D
ON

LIG
HT

AI
RC

RA
FT

CR
OS

SIN
G

TH
E

WA
KE

OF
HE

AV
Y

TR
AN

SP
OR

T

..
..

..
.

W
IT

H
EL

EV
A

TO
R

M
O

T
IO

N

I
'I

I

2
3

4
TI

M
E

,
SE

C
.

"
..

.
;;

1,.
\

,.
,

:
\

/
"

I
.
'.

"

//
I~

\/
v
~
W
I
T
H

EL
EV

A
TO

R
,

,
FI

XE
D

LI
M

IT

U
LT

IM
A

TE

LI
M

IT

U
LT

IM
A

TE

~
,
.
',

.
.
.

'
r
;
,
',

;
(

f,

,F
ig

u
re

'1
2

".
.

v ,
•

v
....

""
-

N
A

SA
H

Q
R

A
7l

-1
52

04
:'

9
-
2
2
~
7
0

"
"



CO
CK

PI
T

VI
EW

OF
VO

RT
EX

TR
AI

LS

1
-
'
_
~
r

0.
.

1
:'
~
~
~
§

''
--

_
...

.1
o

.
~

~:

1
0

0
~

I

2
M

I.
D

IS
T

A
N

T

<
'-

:;
.

-
-

.
.
•

..r
-"

'" 0
0

...
t

..
..

_
...,
~

10
00

FE
ET

-
-
-
-
-
-
-
-
~
_

•
.

<.

•

2
M

I.
D

JS
TA

N
T

-,
'.

-
"'

.
-.

-~
"'
..

.

F
ig

u
re

13
N

A
S

A
H

Q
R

0
7

1
-1

5
8

7
3

3
-1

5
-7

1



EX
HA

US
T

PL
UM

E
ON

AP
PR

O
AC

H
PA

TH

(A
pp

ar
en

t
R

oo
st

er
Ta

iD

I
•
•
•

~

"
·r

~
•

:....,
...

:'
.

,""

•
r;>

.1
-

....
..

e
·....··

··
...

...
...

..
"'
~-
-.
~_

.....
~
~
~
~

.; .'
,

,
,1

"
"
,

'.
,.

'

-
-

-
F

ig
u

re
14

;.
.

-N
A

S
A

H
Q

R
07

1-
15

87
0

3
-1

5-
71



VO
RT

EX
-S

YS
TE

M
M

OV
EM

EN
T

NE
AR

TH
E

GR
OU

ND
.

,

N
O

W
IN

D
..

..
~
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

W
IN

D

• \ , \ \ \ \~
••

..._
+

W
IN

D

•• '. ... ... ••
••

·-
-
•
•
•
•
•
•
•
•
•
•
•

w
•
•
•
•
•
•
•
•
•

-
.
.
.
.
~
.
:
.
.
.

~
•
•
•
•
•
•
•
•
•
•
•

w
~
•
•
•
•
•
•
•
•

2
7

l
....

RU
_N

W
_A

_Y
_S

••
27

R

F
ig

u
re

15
N

A
S

A
H

Q
R

07
1-

15
87

8
3-

15
-7

1



VO
RT

EX
AV

OI
DA

NC
E

AL
ON

G
AP

PR
OA

CH
PA

TH

i "
M

IS
SE

D
AP

PR
OA

CH

.-
-
r
-
-
-
_

~
¢
-
-
-
-
-
r
v5

M
IL

ES
-
-
-
-
-

..

..
~

DO
W

NW
IN

D
LE

G
~

F
ig

u
re

16
N

A
S

A
H

Q
R

A
71

-1
52

12
9

-2
2

-7
0



PI
LO

T
RE

PO
RT

S
OF

W
AK

E
TU

RB
UL

EN
CE

IN
C

tD
EN

TS

(1
)

T
IM

E
O

F
IN

C
ID

E
N

T
(2

)
L

O
C

A
T

IO
N

A
N

D
A

LT
IT

U
D

E
(3

)
R

E
P

O
R

T
IN

G
A

IR
C

R
A

F
T

'S
TY

P
E

(4
)

O
TH

E
R

A
IR

C
R

A
FT

S
T

Y
P

E
·

(5
)

W
E

A
TH

E
R

C
O

N
D

IT
IO

N
S

(6
)

A
P

P
R

O
X

IM
A

T
E

C
O

U
R

S
E

S
O

F
B

O
T

H
'A

IR
C

R
A

F
T

(7
)

S
E

P
A

R
A

T
IO

N
D

IS
T

A
N

C
E

A
T

TI
M

E
O

F
IN

C
ID

E
N

T
(8

)
A

IR
C

R
A

F
T

R
E

A
C

T
IO

N

(S
im

il
ar

to
R

ep
or

ti
ng

,P
ro

ce
du

re
fo

r
'N

ea
r

M
id

ai
r

C
o

ll
is

io
n

)
A

IR
M

A
N

'S
IN

F
O

R
M

A
T

IO
N

M
A

N
U

A
L

F
ig

u
re

17
N

A
S

A
H

Q
R

0
7

1
-1

5
8

6
9

3
-1

5
-7

1



VO
RT

EX
RE

DU
CT

IO
N

/E
LI

M
IN

AT
IO

N
RE

SE
AR

CH

I

•
W

in
d

Tu
nn

el
/W

at
er

Ch
Cl

nn
el

E
N

G
IN

E
L

O
C

A
T

JO
N

F
LO

W
IR

O
T

A
T

IO
N

I

H
E

A
T

E
FF

E
C

T

A
IR

JE
TS

A
U

G
M

E
N

T
E

D
LI

F
T

A
E

R
O

D
Y

N
A

M
IC

S
H

A
P

E
S

LI
FT

M
O

D
U

L
A

T
IO

N
I

I

,-
--

,
,...

....
--'

'..'
, ..
~

I

W
IN

G
TI

P
S

H
A

P
E

I
I

V
O

R
T

E
X

F
O

R
M

A
T

IO
N

D
E

T
A

IL
S

N
E

W
A

IR
C

R
A

FT
TY

PE
S

•
Fl

ig
ht

Te
st

·

V
E

R
IF

IC
A

T
lO

N
E

V
A

L
U

A
T

IO
N

F
ig

u
re

18

I

N
A

S
A

H
Q

R
0

7
1

-1
5

s
n

3
-1

5
-7

1



W
IN

G
PL

AN
FO

RM

VO
RT

EX
DI

SS
IP

AT
IO

N
RE

SE
AR

CH
(W

ind
Tu

nn
el

M
ea

su
re

m
en

ts)

-Y
::S

I:O
R

~
..

-
..

.J
HE

IG
HT

12
%

CH
O

RD

LE
NG

TH
2%

SP
AN

n

> t- - U g
t
-
-
-
-
-
-
+

-
-
-
-
-
-
-
-
-
-
-
+

-
-
-

u
.J >

TA
NG

EN
TI

AL
(V

er
tic

al
)

VE
LO

C
lT

V
10

CH
O

RD
S

AF
T

OF
W

IN
G

F
ig

ur
e

19
N

A
S

A
H

Q
R

A
71

-1
52

31
9

-2
9

-7
0



AU
GM

E
TO

R
IN

CO
NC

E
T



RO
TA

TI
NG

CY
LI

ND
ER

FL
AP

F
ig

u
re

2
1

FL
AP

DE
FL

EC
TI

O
N

=
60

°
AI

RS
PE

ED
=

45
M

IL
ES

PE
R

HO
UR .-:
,

---
--

--
-1-

--
--

---
,

CO
NV

EN
TI

O
NA

L
FL

AP

/

6
0

0
0

8
0

0
0

1
0

.0
0

0

RO
TA

TI
O

N
SP

EE
D,

RP
M

N
A

S
A

R
A

o7
-
4
~
7

,
-

'1
2

-
I9

-o
c





.
~
.
,
...
.
'
.
~

..
.:"

\rC
:',,

""
¥
~
.

~
t>

• :'•
W

ht
td

--"
T\

:In
ne

l

VO
R

TI
C

AL
W

IN
.D

..
M

EA
SU

RE
M

EN
T

~
_

.
r
'
>

.

"".
'"

"'-;,
..

~.
"T

EC
HN

IQ
UE

S
~

"
:

':;
~i;

:,.
;:~

...
.;,

:
....

"~
.<

;
/1

.
-

:
?
~

-
...

..
,

"
.
'

"',
j

i
r

~"
~

~
~

~
'i

•
,

",.
,--

,
,
_
u
-
-
'
1
i
O
T
~
W
1
R
E

A
N

EM
O

M
ET

ER
~

•
~

l
fl

O
W

V
IS

U
A

LI
ZA

TI
O

N
~

~

PR
ES

SU
RE

TR
A

N
SD

U
C

ER
S

i
I

lA
SE

R
D

O
PP

lE
R

V
£l

O
C

fM
E

1R
I

•
Fl

ig
ht

Te
st

~
i

J
!

fA
R

FR
O

M
TH

E
G

R
O

U
N

D
~

~
IN

ST
R

U
M

EN
TE

D
A

IR
CR

A
!F

T
\

I
b

~
~

'.;
v

N
EA

R
TH

E
G

R
O

U
N

D
!~

~

IN
ST

R
U

M
EN

TE
D

TO
W

ER
S

'\
FL

O
W

V
IS

U
A

lI
ZA

li
O

N
t

i
"

t

LA
SE

R
D

O
PP

LE
R

V
El

O
C

1M
E1

ER

'L
A

SE
R

D
O

P'
PL

ER
V

EL
O

C
IM

ET
ER

···
·

..
'

-
."

.

•
Ai

rp
or

t:
Mo

ni
tO

f.
-:

.~
~~

~T
'

v
·

•
.•

.

.,
.,

.'"
'-

,
,
~

"

F
ig

u
re

2
3

.
.

.
~

N
A

S
A

H
Q

R
07

1-
15

86
8

3-
15

-7
1

/



LA
SE

R
DO

PP
LE

R
VE

LO
C

IM
ET

ER
TE

ST
FA

C
IL

lT
Y

W
IN

D
D

IR
E

C
T

IO
N

_
.

---o
.....

...-.
..~.

-....
....

-
o...

r-
C

U
P

A
N

E
M

O
M

E
TE

R

,
,.

1.
-:

,.
~
r

'::
'"

.
~
.

---=
-==

=-0
-

"':".~
...

.-.
-.

:-
:n
=
=
=
~

..
tt

/
..

.,
-
-
-

c

S
E

N
S

IT
IV

E
V

O
L

U
M

E

Ii"
'
•
•

..
..

..
.!.

,,
..

..

;.

•.
'i-

'''
;

~
,

",
...

..
.'

,
,
:

("
.

;._
_~

.
:
.

'l:
:

.4
t

'.
.~

'\.

~'
~.
'

;,
~.

.
.'

...
0

:.
-~

'.1
\:

.

",.
'."
n
~
s
T
R
u
M
E
N
T

;;
.~

V
A

N
~
o

.
'

'-
..

F
ig

u
re

2
4

N
A

S
A

H
Q

R
07

1-
15

88
0

3-
15

-7
1

....
.f!



C
O

M
PA

R
IS

O
N

OF
W

IN
D

M
EA

SU
RE

M
EN

TS

·4
..

"

",

LA
SE

R
D

O
PP

LE
R

V
El

O
C

IM
ET

ER

G
U

PA
N

E
M

O
M

E
T

E
R

,.
."

r.
.'

",-
-:..

-

. "

<

--
'.

--
"

.i
'·

~
""',

:,.
;

\
,.

~
...

.
~
-
~

....

I
'

,. " l J
,{ .;.7

¥';
'

,
t

~
~
~
#

-'

5

ST
EA

D
Y

W
IN

D
S

.,
,j ..

.
_

,1
"

.
~
.

._

,-'
f~,

~;'
:'
y
~
i
A
8
i
.
E

V
(I

N
O

S
"".:

'v
"'

tl
11

~
.:J

...
'''

.

_
_

_
_

_
_

..
..

..
L

-
..L

..
-
-
-
I
~
-
-
-
-
-
.
L
-
I

.1-1
_

'1
5

20
25

4 . u w V
') ~ ..
~

2
I
- U 0 .... w > c

5
Z ~ .... «

,
I
- Z 0 N a::
: 0 J
:

'
~

3

~

2
0

TI
M

E,
SE

C
.

F
ig

u
re

25
N

A
SA

H
Q

R
07

1-
15

87
5

3-
15

-7
1



LO
W

-A
LT

IT
UD

E
VO

RT
EX

RE
SE

AR
CH

M
EA

S
UR

EM
EN

T
-

SY
ST

EM
ST

UD
Y

.~
.

FI
E

LD
U

N
IT

.
N

A
S

A
H

Q
R

0
7

1
-1

5
8

7
9

3
-1

5
-7

1

M
E

A
S

U
R

E
M

E
N

T
G

R
ID

.

F
ig

u
re

26

./
'

./
'

.
/

,
/

/

;
.

~

C
O

N
T

R
O

L
U

N
IT

h
"~

-"
'-

--
'-

--
f-

--
+~

t-
-~
--
f~
~-

--
--

--
--



AI
RP

OR
T

TR
AI

LI
NG

-V
O

RT
EX

W
AR

NI
NG

SY
ST

EM

F
ig

u
re

27
N

A
S

A
H

Q
R

07
1-

15
87

2
3-

15
-7

1
36

98
8




